Abstract: Recent study has shown that the energy gain of a solar panel will be significantly influenced by the incidence angle of the sun radiation. The main goal of this paper is to present a sensor-based sun-tracking system. First, we design a sensing tower for measuring the direction of sun radiation. Then we design a sun-tracking algorithm, which adopts an iterative process to identify the direction of sun radiation to the earth's surface. This information is then passed to the nearby solar panels to adjust their angles. We have also developed a prototype and conducted several simulations to verify our suntracking system. Simulation results show that our system has better performance on the solar energy generation than existing ones.
Introduction
Conventional fossil energy sources such as petroleum, natural gas, and coal are depleting rapidly. Fossil fuels are non-renewable and the use of such resources causes greenhouse effects and pollution. Therefore, finding renewable energies has become very important. Renewable energies may come from sunlight, wind, water, tides, and geothermal heat. Among them, solar energy is one of the most important renewable and cleanest sources. Solar energy even supplies power for some sensor applications Alippi et al. (2011); Tang and Bermak (2012) . However, if we want to exploit solar energy as a practical alternative to fossil fuels, we must have efficient ways to convert solar energy into electricity.
A major way to convert solar energy into electricity is to use photovoltaic (PV) panels, or known as solar panels, which have become more popular as their prices dropped recently. Nowadays, most PV panels have an energy conversion ratio of 12-18% Oner et al. (2009) ; SunPower ( http://us.sunpowercorp.com/). For best conversion performance, most PV systems target on lengthening the time that they face the sun. As a result, solar trackers are designed to follow the sun by moving or rotating PV panels. The increase in energy conversion can be as much as 20% and 50% in winter and in summer Photovoltaics (http://en.wikipedia.org/wiki/Photovoltaics), respectively. References Abdallah and Nijmeh (2004) ; Lorenzo et al. (2002) ; Mamlook et al. (2006) have shown that an ideal sun tracker can produce about 40% more energy than an optimally tilted static panel. The efficiency also depends on the panel temperature and the incidence angle of solar radiation Clifford and Eastwood (2004) ; Dincer and Meral (2010) . This motivates us to study panels with sun-tracking capability.
Regarding moving control capability, sun-tracking systems can be classified into two types Mousazadeh et al. (2009) ; Oner et al. (2009) : passive and active. The passive ones do not require any electronic controls or motors but rely on fluid movement, bimetallic strips, viscous damper controlled, etc. Campos et al. (2011); Clifford and Eastwood (2004) ; Mwithiga and Kigo (2005) ). Hence, it can only provide moderate accuracy. The active ones, however, rely on sensors and electronic controls. On the other hand, regarding the control model, sun-tracking systems can also be classified as open-loop or closed-loop Lee et al. (2009) . An open-loop (algorithmbased) type of system runs based on the current state to determine if it has achieved the desired goal without using feedback. A closed-loop (sensor-based) system runs based on the feedbacks of sensors, which detect relevant parameters induced by the sun, so as to yield more accurate outputs. Such systems can track the position of the sun with the feedback of sensors, instead of using local date/time for the prediction. It even works regardless of weather conditions (such as cloud and fog). Such sensors are usually quite lightweight and cause low overhead Aiuchi et al. (2006); Jiao et al. (2010) ; Kalogirou (1996) ; .
In this work, we propose a sensing tower architecture. It executes a sun-tracking algorithm to determine the precise direction of sun radiation. Then a coordinator will evaluate whether it should command its nearby solar panels to perform sun tracking or not. The main contribution of this work is three-fold. First, our system works regardless of sunny or cloudy days. Second, our system allows a small, lightweight sensing tower to control multiple solar panels, thus incurring low costs. Third, no location and time information is needed.
The rest of this paper is organized as follows. Related work and motivations are given in Section 2. Section 3 shows our design. Section 4 verifies our system via simulation results. Section 5 demonstrates our prototype. Finally, Section 6 concludes this paper. Palavras and Bakos (2004) . An astronomical almanac algorithm is proposed in Michalsky (1988) . A PSA algorithm is proposed in Blanco-Muriel et al. (2006) to improve the accuracy and computing efficiency with the introduction of new coefficients and parallax correction. It reduces the standard deviation errors in zenith, azimuth, and direction of the sun by 18%, 11%, and 25%, respectively. Recently, Grena (2008) presents an algorithm taking the fractional Universal Time (UT), the date, and the difference between UT and Terrestrial Time (TT), longitude, latitude, pressure, and temperature as inputs. It can compute very precise position of the sun by taking into account the atmospherical refraction. References Chen et al. (2006) and Chong et al. (2009) propose general formulas for arbitrarily oriented sun-tracking axes for off-axis and on-axis solar collectors, respectively. Open-loop systems are simpler and cheaper than closedloop ones but have no error correction capability.
Related Work and Motivations
The closed-loop systems adopt inputs from sensors. The design of such systems is more complicated. Conversion efficiency of such systems is typically better since sensors provide feedback to improve the suntracking precision. Moreover, some sun re-tracking mechanisms Aiuchi et al. (2006); Fontani et al. (2011); Jiao et al. (2010) ; Kalogirou (1996) ; sensor (APS) is used first to coarsely point toward the sun; then a CMOS camera is used as the fine sun tracker and also the back-sunlight target detector. The work Han et al. (2011) lets the divergent sun rays pass the pinhole imaging to estimate the sun spot. A double guiding system is proposed in Fontani et al. (2011) . A passive tracking device first finds the preliminary orientation, and then an active sun finder system exploits a camera without lenses composed of a pinhole sensor mounted over the detector. The active sun finder then calculates the sensor FOV aperture through the distance from the pinhole to the detector to point to the sun. The system can reassign the position when the sky transits from cloudy to clear. Reference Berenguel et al. (2004) uses CCD images to eliminate heliostats offsets and calculate the sunbeam centroid. An electro-optical sensor-based system for controlling the heliostats is proposed in Aiuchi et al. (2006) , where two photo sensors are placed side by side on the bottom of a small box to rotate the heliostat. It is shown that on clear days the angular error is about 0.002 rad.
To reduce the computation and hardware costs of Aiuchi et al. (2006); Berenguel et al. (2004) Shibata and Tambo (2010) . The former follows the sun's east-west movement, while the latter further follows the sun's altitude angle. A comparison of bi-axial, single-vertical-axial, single-E-W-axial, and single-N-S-axial systems is conducted in , which concludes that electrical power gains of 43.87%, 37.53%, 34.43% and 15.69% by these systems, respectively, as compared to the fixedangle system. A dish-like solar concentration system is developed in Palavras and Bakos (2006) . It shows that the temperatures in the focal region can reach 300
• C and the average heat loss coefficient can reach approximately 163 W/m 2 K. Although bi-axial systems outperform uniaxial systems in conversion efficiency, they sometimes may need a lot of re-tracking work. Also, as Sungur (2009) mention, such systems may enter unstable states under cloudy conditions. Clouds, fogs, and gas may cause refraction and diffraction of solar radiation. Reference Aracil et al. (2006) points out the effect of clouds on sun-tracking systems. Under cloudy conditions, the system controller may erroneously interpret that the sun is moving to the east. References Aiuchi et al. (2006); ; Kalogirou (1996) ; enforce PV panels to move at a steady, constant speed when bad weather conditions are detected. The system proposed in Fontani et al. (2011) can re-track the position of the sun when the sky transits from cloudy to clear. Contrarily, reference Jiao et al. (2010) suggests to keep the PV panel still under low illumination in a cloudy day or in sunset. However, the definition of "bad weather" is based on a fixed threshold value of the perceived illumination. How to choose the threshold is also critical to energy generation, as pointed out in .
The above discussion has motivated us to design a sensor-based sun-tracking system that can adapt to weather conditions, evaluate the motor rotation cost as opposed to solar energy gain, and take advantage of the wireless communication technology to facilitate control jobs.
3 Design of Sensor-Based Sun-Tracking System controls a set of solar panels and a sensing tower. Each sensing tower has multiple photo-sensor boards assembled together to calculate the current sun radiation direction and illumination level. Each sensing tower is also self-rotatable. It can adjust its direction from time to time, by our proposed iterative sun-tracking algorithm, to determine the actual arrival angle of sun radiation. Each tower will perform the sun-tracking procedure periodically and report the direction of sun radiation and the illumination level that it sensed to its coordinator. The coordinator then instructs nearby panels, if worthy, to adjust their directions to harvest solar energies. Note that sensing towers are quite small and thus the corresponding rotation cost is negligible. There are three parts in our system: 1) sensing tower, 2) sun-tracking algorithm, and 3) rotation decision. They are discussed in the following sections.
System Architecture

Sensing Tower
The earth has two movements: rotation around the sun and rotation around its own axis. This causes different solar positions at different locations and time. The position of the sun can be represented by two different angles: azimuth angle and altitude angle. Fig. 2 shows an example. The former is the angle, along the clockwise direction, from due north to the line extending from the observer to the projected location of the sun on the ground. Its largest value is 228
• (occurred on June 21st in the Northern hemisphere) and its smallest value is 37.6
• (occurred on December 22nd) Sungur (2009) . The latter is the angle from the line extending from the observer to the projected location of the sun on the ground, to the line extending from the observer to the sun. Its range is 0
• to 90 • . A naive design of the sensing tower is to build a hemisphere on which dense photo-sensors are deployed, as shown in Fig. 3(a) . Then the sensor which receives the maximum illumination value would reflect the direction of sun radiation. To reduce the number of sensors required, we pick only k sensors from the above naive solution that are evenly distributed on the hemisphere. We show our design of k = 5 in Fig. 3(b) , where sensor S 1 is placed on the top of the hemisphere (ψ 1 = 0 and θ 1 = π 2 ) and sensors S 2 , S 3 , S 4 , and S 5 are four sensors with azimuth angles ψ 2 = 0, ψ 3 = π 2 , ψ 4 = π, and ψ 5 = 3π 2 , respectively, and altitude angles θ 2 = θ 3 = θ 4 = θ 5 = π 3 . Fig. 3(c) shows how to put these sensors on a pyramid-like tower with five planes, each tangent to the hemisphere. We can easily extend the design to other values of k.
Here we adopt the solar coordinate system to denote our sensors. The azimuth reference plane is defined as north-east plane (instead of the general x-y plane). The zenith reference is defined as the z-axis. Hence, the coordinate of each sensor can be defined by its azimuth angle, altitude angle, and the radius of the hemisphere. For example, in Fig. 3(c) , the coordinate of sensor S 1 is (r, θ 1 , ψ 1 ), where r is the radius. Note that since we are only interested in the arrival angle of sun radiation, the value of r is not essential. The only restriction is that one sensor is on the top and the other sensors are distributed evenly and symmetrically on the hemisphere.
Sun-Tracking Algorithm
Because sun radiation may cause the reflection and refraction, the main goal of our sun-tracking system is to identify the direction receiving the maximal energy. The core concept is based on the center of mass. Assume that S 1 is on the top and S 2 , S 3 , . . ., S k are evenly distributed on the hemisphere. Our algorithm will try to point S 1 toward the direction of sun radiation. Our algorithm can start from any initial direction of the hemisphere. Let us denote by (r, θ i , ψ i ) the current location of sensor S i . Our algorithm has an iterative process and after each iteration, let (r M , θ M , ψ M ) be the center of mass of all sensors. The iteration stops when |θ 1 − θ M | ≤ θ ǫ and |ψ 1 − ψ M | ≤ ψ ǫ , where θ ǫ and ψ ǫ are two small threshold values. The detail of one iteration is presented below.
1. First, we translate each sensor's coordinate to the Cartesian coordinate system. For each sensor S i (i = 1, 2, . . . , k), its Cartesian coordinate (x i , y i , z i ) can be written as
2. We adopt a weighted method to calculate the center of mass M of these k sensors: where L i is the current illumination level perceived by S i . We then convert the coordinator of M to the spherical coordinate (r M , θ M , ψ M ) as follows:
3. Then we can calculate the rotation altitude angle ∆θ and azimuth angle ∆ψ as follows.
4. After the rotation in step 3, if both ∆θ ≤ θ ǫ and ∆ψ ≤ ψ ǫ , the process is terminated and the sensing tower will report its new θ 1 and ψ 1 and the new illumination level L ′ 1 back to the coordinator. Otherwise, the sensing tower rotates itself by ∆θ and ∆ψ. After that, each sensor also rotates to a new location on the hemisphere. Then go back to step 1 and repeat the iterative process again.
Rotation Decision of Solar Panels
Next, we discuss how the coordinator improves the energy gain of its solar panels even under cloudy conditions. We assume that two stepper motors are adopted by each solar panel with one for azimuth movement and the other for altitude movement. We also assume that P az Watt and P al Watt are needed to rotate a panel by d az degrees and d al degrees, respectively. The rotation decision is to compare the energies to be harvested between making the rotation and remaining unchanged. Assume that our system performs the sun-tracking procedure every T interval. After the coordinator receives θ 1 , ψ 1 , and L ′ 1 from its sensing tower, the energy gain E rotation by making the rotation decision can be estimated as follows:
where E(x) is the power generation rate of the solar panel by perceiving x illumination per second. On the other hand, let L p be the illumination value perceived by the solar panel. The energy gain E unchanged by remaining unchanged can be determined below:
Finally, the energy consumption by rotating the solar panel should be taken into consideration. Based on our solar coordinate system, we denote the altitude angle θ p and azimuth angle ψ p of the solar panel as the altitude and azimuth angles of its normal vector, respectively. The rotation cost E cost by making the rotation decision can be calculated by Eq. (5).
Then if (E rotation − E cost ) > E unchanged , the coordinator will decide to instruct its panels to adjust their directions. Otherwise, no change is made. 
Simulation Results
A simulator has been implemented based on C language. For simulating the solar azimuth and altitude angles of sun radiation, we use SOLPOS as our solar radiation model, which is developed by National Renewable Energy Laboratory (NREL). GOLPOS can calculate the solar position and the intensity (theoretical maximum solar energy) by given date, time, and location information on earth. In the simulation, the location is set on (CCT-08:00120E58'00"24N48'00") in HsinChu city, Taiwan. For verifying the performance of our sun-tracking approach, we compare the precision of the estimated direction of sun radiation, the energy consumption, and the energy generation during the tracking period with four sun-tracking approaches: 1) our approach (Ours), 2) Gradient Method (GM) proposed in Peterson et al. (2005) , 3) one with a fixed solar panel (Fixed ), and 4) one with fixed altitude angles and constant rotation speed (Const ). Besides, we further measure the tracking time required by our sensing tower to estimate the direction of the run radiation during each tracking interval. Finally, we also investigate the impact of the shapes and inclination angles of the sensing tower.
Performance Evaluation on Precision and Energy Harvest
We compare the positions of the sun estimated by Ours, GM, Fixed, and Const against the one calculated by SOLPOS, which we call the Ideal Case and is considered as the best case in our simulation. The simulation time is set from 10:00 to 14:00 on May 21, 2011. The suntracking procedure is triggered every 15 minutes. GM, which is a bi-axial system, uses four sensing values to estimate the position of the sun. We also use four sensors on our sensing tower for comparison. Hence, the shape of our sensing tower is a regular triangle as shown in Fig. 7 . The altitude and azimuth angles of the other sensors are set to (60
• ), and (60 • , 240 • ), respectively. Besides, we show the original data without curve fitting to GM and our approach. For the Fixed approach, the tilt and azimuth angles of the solar panel are fixed to 28
• and 90
• (facing to South), respectively. For the Const approach, the tilt angle is also fixed to 28
• , and it rotates its solar panel 6
• every 15 minutes from East to West with its azimuth angle starting from 30
• . The starting tilt and azimuth angles of both GM and our sun-tracking systems are also set to 28
• and 30
• , respectively. Each solar panel is assumed to be of size one square meter with an energy generation rate of 8.68 %. The DST86 stepper motor dst (http://www.tedmotors.com/DST86.htm), which rotates 1.8
• per step and requires inputs of 7.6 V, 2.0 A supply, is adopted to rotate solar panels in our simulation. Here, we assume that by DST stepper motors, 10 minutes are required to drive a solar panel to rotate from East to West and 15 minutes to rotate altitude angle from 0
• to 90
• . We further assume that a reducer box with 100:1 gear ratio is adopted to allow 0.018 • per step, which is sufficient for our objective. Fig. 4 shows our simulation results. In Fig. 4(a) , we can see that the performance of our approach on energy generation is very close to the ideal case. Both Fixed and Const approach seem to have good performance, but they cannot predict the overcast conditions. Also, they both suffer worse performance in the afternoon. Fig. 4(b) further shows the total energy gain of these sun-tracking systems. Clearly, the total energy gain of our approach can outperform that of others more than 100000 J/m 2 per day. In addition, our approach can determine the positions of the sun more accurately and quickly. Fig. 4(b) shows that our system has less rotation costs than GM. Fig. 5 shows the estimated altitude and azimuth angles of sun radiation determined by all approaches. The results estimated by our approach are very close to the ideal cases. GM uses bi-axial approach, where four sensors are put on a square shape. The azimuth and altitude angles are estimated by the two sensors deployed on the vertical axis and the horizontal axis, respectively. Hence, GM suffers larger estimated angle errors. The angle deviations can be as large as 57.4
• and 57.7
• , respectively. Fig. 6 compares the rotation costs. We can see that our approach can provide a stable tracking, and each tracking procedure incurs about 500 rotations and needs about 40 seconds to converge.
Impact of the Shapes of the Sensing Tower
Here, we discuss the impact of the shapes of the sensing tower on the sun-tracking performance. First, we vary the number of sensors on a sensing tower and measure the total number of tracking procedures invoked by the sensing tower to estimate the position of the sun and the total rotation steps performed by our stepper motors. We vary the number of sensors on the sides of pyramid from 4 to 8 as Fig. 7 shows. The simulation time is also from 9:00 to 16:00 on May 21, 2011, and the precision condition is still set to 0.018
• . Also, we set the altitude angles of all side sensors to 60
• . In Fig. 8(a) , we can see that all shapes have almost the same performance on energy harvesting. This is because our sun-tracking approach can have extremely accurate estimation on sun directions. But as Fig. 8(b) shows, more sensors result in less sun-tracking procedures. Next, we further vary the altitude angles of side sensors from 10
• to 70
• . Then we discuss the impact on the total number of tracking procedures invoked by each sensing tower and the total energy generation. Fig. 9 shows that less tracking procedures are needed to tracking the position of the sun when the altitude angle is set close to 60
• regardless of the number of sensors in a sensing tower. Also, more sensors result in less tracking procedures. Besides, in Fig. 9(b) , we can see that more sensors would produce more energy gains. This is because more sensors can have more accurate estimation on the position of the sun. Furthermore, Fig. 9 shows that our system can have better performance even with only 4 sensors.
Prototyping Results
We also build a real prototype to verify our design. There are two main components: the sensing tower and the rotation arm. Fig. 10(a) shows a pyramid-like sensing tower with k = 5 sensor. The altitude angle of the 4 side sensors is set to 60
• . Each sensor board is built by a microprocessor, a ZigBee module, and a light sensor. Here, we adopt Jennic (JN5139) jennic (http://www.jennic.com/), a single-chip solution for IEEE 802.15.4 802154 (2007) 802154 (2007) , and Texas Advanced Optoelectronic Solutions' (TAOS) taos ( http://www.taosinc.com/) TSL2650 for light sensing. For the rotation arm part, we use a four-axis robot arm consisting of four Dynamixel AX-12 actuators AX-12 (http://www.crustcrawler.com/motors/AX12/index.php) as our solar panel holder. Each AX-12 actuator can move by 300 degrees in 1024 increments. Therefore, the tracking precision can achieve about 0.3
• . Fig. 10(b) and Fig. 10(c) show our robot arm and the Dynamixel AX-12 actuator, respectively. In our design, the coordinator is also implemented with a microprocessor and a wireless module by JN5139 chip, which has a 32-bit RISC processor, a 2.4 GHz IEEE 802.15.4, ZigBee zigbee ( http://www.zigbee.org/); Pan et al. (2009) transceiver, 192 KB of ROM, and 96 KB of RAM. Fig. 10(d) shows our coordinator. The sun-tracking algorithm is implemented in the coordinator. As Fig. 10(e) shows, additional PCB board is built up to control the robot arm and it also includes a JN5139 ZigBee module. Hence, after the coordinator determines the rotated angles, it will communicate with the PCB board through the ZigBee protocol. Then the PCB board can control the Dynamixel AX-12 actuators through UART ports. Fig. 10(f) shows the whole tracking system, in which the sensing tower is tied to the solar panel. Therefore, the solar panel and sensing tower will rotate together.
Based on the real implementation, we also conduct some experiments to verify our sun-tracking system. Because the solar irradiation exceeds the limitation of the maximal lux value of TSL2650, whose sensing range is from 0.1 to 40000, we use a LED torch as our light source. Initially, we set the flat top side of our sensing tower parallel to the horizontal plane. Also, we set the altitude angles of the light source to 30
• , 45
• , and 60
• . For comparison, we also use another solar panel with an altitude angle of 30
• and an azimuth angle of 0 • (North). Then we measure the lux values gathered by the solar panel as our metric. Table 1 shows the results. Because our sun-tracking system can determine the accurate position of the sun, the lux values are almost the same regardless of the direction of light sources. The difference of the lux values are caused by the rotation precision. Small rotation precision of actuators could result in higher tracking precision. Besides, Table 1(a) shows that the lux value decreases as the altitude angle of light sources increases. This is because the distance between the sun-tracking system and the light source is getting larger when the altitude angle becomes larger. Table 1(b) shows the results of the fixed system. Obviously, the maximum lux value only occurs when the altitude angle of the light source is 60
• at North.
Conclusions
In this paper, we propose a sun-tracking algorithm based on our pyramid-like sensing tower. The proposed sphererotated sun-tracking system provides a simple, low-cost, and accurate approach. Also, it gives better decisions for the rotations of solar panels on the overcast weather conditions. By separating the rotation controls of the sensing towers and the solar panels, our model can get better energy gains. Simulation results show that the performance of our system is close to the ideal case on energy gains. Also, our approach outperforms GM and fixed solutions. We further conduct a real prototype with some experiments to verify our approach. 
